In this work, a model is developed to simulate the biological processes involved in nerve fibre transmission and subsequent muscle contraction. The model has been based on approximating biological structure and function to electrical circuits and as such was implemented on an electronics simulation software package called Pspice. Models of nerve, the nerve-muscle interface and muscle fibre have been implemented. The time dependent ionic properties of the nerve and muscle membranes have been simulated using the Hodgkin-Huxley equations and for the muscle fibre, the implementation of the Huxley sliding filament theory for muscular contraction. The results show that nerve may be considered as a fractal transmission line and that the amplitude of the nerve membrane depolarization is dependent on the dimensions of the fibre. Additionally, simulation of the nerve-muscle interface allows the fractal nerve model to be connected to the muscle fibre model and it is shown that a two sarcomere molecular simulation can produce realistic macroscopic muscle force profiles.
Introduction
The work we are presenting is part of a larger research project which aims to develop electrical stimulation systems for aiding and providing lost function in patients who have nerve/muscle disorders. These may range from multiple sclerosis, peripheral nerve injury or stroke. Typical disorders commonly encountered are foot drop (dragging of toes during walking) and hand arm dysfunction. The type of stimulation systems under development are based on surface, over the skin stimulation using gel electrodes. These systems rely on direct ionic contact with the skin and produce electrical currents in the tissues directly under the electrodes. These in turn act on the motor neurones and motor endplates of the muscle so producing a muscle contraction. Commercially available devices include sports/beauty therapy stimulators, transcutaneous nerve stimulators (TENS) for pain relief and some more specialized clinical stimulators. However, the devices being developed at Leicester will be more patient friendly and will be designed with the aim of being more effective at replacing lost function to improve daily ability. With this in mind, work is progressing on a simulation of biological tissues and in particular, nerve and muscle tissue with the aim of providing further understanding in the way in which the electrical stimulation pulses interact with nerve and muscle.
Previous workers [1] [2] [3] [4] [5] [6] have developed models of neuronal membrane activity. Most notably is the experimental work of Hodgkin and Huxley [1] which underpins the now widely accepted understanding of how nerve membrane depolarization works and is used in both the model presented in this paper and can be recognized in other works as well [2, 3] . Neuron models are useful for simulating the effects of external electrical fields on nerves, which would be the case for implanted electrodes for use in rehabilitating paralysed persons using artificial electrical stimulators. These models are generally concerned with efficient nerve depolarization at a local scale, i.e. directly mounting the electrodes around the nerve bundle which would effect muscular contraction if the bundle contained motor neurons. Other types of neuronal model [4] [5] [6] try to reproduce the electrical behaviour of complex biological shapes of nerves during branching, for example, changes in nerve fibre diameter, tapering of the nerve endings and varying angles of pennation at the branches. To understand the behaviour of this biological system, it is important to precisely describe the voltage-time dependency of the nerve fibre depolarizations. Based on laboratory studies and results that they give, theoretical implementations of the biological processes involved in the nerve fibre can approximate the actual response observed. The complexity of the model defines the actual type of results obtained and as such 0022 -3727/03/040311+19$30.00 © 2003 IOP Publishing Ltd Printed in the UK there is no one model which completely describes all the known behaviour of nerve tissue. Experimental nerve research is still going on as new biological processes are discovered, modelling improves and furthers our understanding. With most types of mathematical modelling some form of simplification of the biological process is required. With the examples referenced [7] [8] [9] [10] , different methods have been used to model either nerve fibre propagation or the interaction between an external electric field and the nerve fibre. Most of the models available in the literature are based around the equations of Hodgkin-Huxley membrane diffusion, which relate specifically to potassium and sodium gating channels within the nerve cell membrane itself. Some of the models are adapted to take into account the actual types of structure the model is approximating. In all cases, the number of discrete computations required is very large, which will vary depending on the level of spatial resolution one is working to. Both the size of the structure the model is approximating and the time step of the simulation define the computation time. One of the most convenient methods of simplifying nerve depolarization computation, as proposed by Hodgkin and Huxely, is to think of the nerve as an electrical transmission line with capacitive (membrane) and resistive (internal and external cellular fluid) sections. This model has been well documented in the literature and is widely accepted. With this analogy in mind this paper proposes the use of modelling other biological structures involved with nerve conduction and muscle contraction using electrical circuits, not only to simplify the computation but also to link the nerve depolarization to the excitation of individual muscle fibres.
There are several reasons why we are developing a model of this kind. First, the biological structure and function of the system is the defining factor for deciding which structures and processes are the most important to be included in the model. In this way, the simulation is based around a physical model which allows normal and abnormal biological tissue to be compared, for example, partial de-myelenation of nerve fibre as in the case of multiple sclerosis. Second, a time domain simulation of a complex mathematical description is potentially computationally expensive. By using only an electrical analogy for the model, time is saved in developing a computer program by using an existing electrical circuit simulation software package called Pspice. This allows electrical circuits to be drawn symbolically and then simulated over a pre-defined time period and time interval or step. This allows the model to be evaluated quickly and precisely. If higher time precision is required then the model may be run at a higher resolution subsequently. This is the only limiting factor. The time for a particular model to run is dependent on the model complexity and its reduction to a set of complex electrical nodes and the speed of the computer hardware, in this case it was a PC based version of the software running on Pentium class processors. Third, using Pspice, the electrical network in the model is totally scalable. This can account for the actual spatial resolution of the biological structure being modelled or can be used to repeat a particular structure many times. In Pspice this is a very simple task of using the standard Windows cut and paste tool. For nerve modelling and in particular using a cable analogy as in this paper, sections of nerve may be described (i.e. a unit length) and then this unit may be copied many times to make up a more complex or realistic structure.
Additional biological structures may be added at any time and incorporated into the model. As the overall model is attempting to analyse the path of an electrical nerve impulse into a muscle it is envisaged that an electrical skin model may be incorporated in the future, as this will allow the surface skin electrodes to be modelled as used in artificial muscle stimulation. With any electrical model, dielectric properties of the electrical components used may be varied and in this case, this would relate to the dielectric properties of the biological tissue itself and are easily incorporated into the model. A description of the dielectric properties of biological tissue has been given by Dissado [11] .
The model presented here is based upon the electrical modelling work developed by Hodgkin and Huxley [1] , which underpin the now widely accepted understanding of how nerve and muscles work. These are the theory of nerve membrane depolarization and propagation and the theory of protein sliding filaments for muscle contraction. The work at Leicester uses Pspice as a method to apply an electrical analogy to the main physical structure of nerve and muscle tissue and biochemical systems that are represented by the Hodgkin/Huxley model. The nerve/muscle model so far has been developed in two parts and is presented here as: (1) a fractal nerve with motor endplate (synapse) and (2) a muscle sarcomere containing calcium release and actin/myosin protein sliding filaments. The nerve model has been devised around a fractal transmission line, which takes into account the length and diameter of the nerve and includes the Hodgkin/Huxley time dependent ionic cell membrane conduction theory. The sarcomere is a region or 'unit' in the muscle cell (muscle fibre) that contains the protein filaments responsible for force generation. Although there are many millions of sarcomeres in a single muscle fibre and many tens or hundreds of thousands of muscle fibres in a single muscle, we do not aim to model every individual sarcomere. The main features of the sarcomere are modelled, which are the sliding filaments, which is a time and energy dependent process. A nerve pulse arriving at the motor endplate will produce a 'twitch' force of a single sarcomere, which in turn is scaled to produce a larger force to represent part of a whole muscle contraction. The fractal nerve and sarcomere model meet at an electrical representation of a T-tubule and therefore nerve membrane pulses can used to trigger calcium release in the sarcomere.
It has been reported that the structure of human nerve fibres can be represented as a fractal object [9, 10] . This is an important observation and relies on the fact that under the microscope, nerve fibres ultimately branch and bifurcate with increasing complexity at either the dendrite and/or synapse in a well-developed nerve. By counting the number of branches in a given area one may determine whether or not the object is fractal and if it is, the order or dimension of the fractal object may be estimated. Casserta et al [9] states that a fractal shape may be completely described by a single scalar, d f , the fractal dimension and the mass of a fractal object, m r , inside a radius r scales as r df , which is clearly a power law. Objects in nature can be shown to be fractal over a finite range of length scales r, which is typically a factor of approximately 10. For a fractal object, if one plots log m r against log r a straight line is formed with slope equal to the fractal dimension d f .
Taking on the principal that human neurons may be fractal, then it is worthwhile considering taking the standard HodgkinHuxley model and adapting it to a nerve that has a high degree of branching which more closely represents a realistic nerve structure. It is the branching and changes in diameter of the nerve fibre, as it becomes a dendrite or synapse that is of particular interest in this paper in relation to the action potential propagation into the muscle.
Model development

Fractal nerve model
A full description of the Hodgkin and Huxely equations will not be given here and the authors refer the reader to the original paper published by them in 1952 for finer detail [1] . However, it is necessary to summarize the main conclusions from this paper, as these are a mathematical description of the membrane currents used in this model. Essentially a nerve fibre can be thought of as a cylinder with walls made from cell membrane containing a conductive liquid (intracellular fluid) with resistance and surrounded by another external conducting liquid (extracellular fluid). Inside the cell there is a high concentration of potassium ions and a low concentration of sodium and chlorine ions, the membrane acts as a barrier and prevents the ions in the external solution from mixing with the internal solution. A resting potential is set up across the cell membrane due to the difference in ion concentration, which is due to the membrane being more permeable to potassium ions than to sodium ions which tends to let potassium ions move out of the cell and prevents sodium entering. This equilibrium voltage or Nernst potential is achieved during the resting phase of the nerve fibre and has a value of approximately −90 mV between the outside and inside of the cell. During nerve fibre conduction or depolarization, the cell membrane becomes selectively permeable to sodium, which flows rapidly into the cell reversing the polarity of the resting potential. The 'leading edge' of the depolarization region triggers adjacent membrane to depolarize, which self propagates down the nerve membrane. A short time later, approximately 1 ms, the cell membrane closes the sodium ion channels and actively pumps sodium out of the cell. This recreates the resting potential in the regions of cell membrane 1 ms after depolarization. In this way, a nerve potential 'wave' is carried along the nerve until it reaches a synapse at the ends of the nerve where the electrical signal is converted to a chemical signal and is either carried to another nerve cell or some other tissue such as muscle. Muscle cell membrane also depolarizes in a similar manner to nerve membrane and this effects the muscle contraction.
By taking measurements from giant squid axons (Loligo), Hodgkin and Huxely were able to describe the ionic membrane currents using an electrical circuit, figure 1. In this model there are the membrane capacitance, internal resistance of the nerve fibre and batteries representing the ionic concentrations of sodium and potassium. The variable resistances are time dependent to allow for both resting and depolarization states of the cell membrane. There is also a small leakage current that is due to chlorine and other ions passing across the membrane. The batteries, V Na , V K and V L are connected in series with the resistances R Na , R K and R L , and therefore the current densities (i.e. the current per unit area) flowing in these resistances are I Na , I K and I L . Additionally, there is also the current flowing into and out of the membrane capacitance per unit area, C m . The total current density through the membrane is given by Huxely as:
where V is the instantaneous voltage across the membrane capacitance.
The ionic permeability of the membrane can be expressed in terms of ionic conductances per unit area, g Na , g K and g L . These are related to the current densities by:
These equations are time dependent and so can be directly implemented in Pspice hence the biological activity of nerve membrane depolarization is represented as an electrical circuit. Figure 1 represents only a very small dimensionless unit length of cell membrane and it is necessary to construct an electrical model of the actual nerve by taking into account the dimensions of the nerve and the way in which nerve branches and changes shape. capacitance [C] . In this example the three cylinders have different dimensions but could split equally (bifurcate) and it is assumed that there is no myelin sheath around the nerve. The myelin sheath is a fatty substance that electrically insulates the external surface of the cell membrane from the external cellular fluid. Some skeletal muscle motor neurones have regions of myelin sheath separated by a small gap called nodes of Ranvier. In these regions the cell membrane is in contact with the external cellular fluid. The myelin speeds up the propagation of the nerve fibre by approximately 50 times compared to nonmyelinated fibres by causing the nerve depolarization to jump between the nodes of Ranvier. In this particular model, we do not use a myelinated nerves but the myelin sheath may be added. For the nerve membrane depolarization voltage to propagate along it must continue along branches and other structures of the nerve. Figure 1 allows this propagation to continue as the nerve fibre changes shape, by allowing it to behave as a fractal transmission line. Previously, it has been mentioned that nerve has a fractal like structure. In this example, it is clearly seen that the resistance of the intracellular fluid, the capacitance of the cell membrane and length and radius have a power law dependence across branching nodes, particularly if the branch changes dimension.
Consider the following equations for where the main axon with length l 0 and radius r 0 branches into a smaller axon with length l 1 and radius r 1 . The manner by which each node of the nerve fibre splits and may change dimension can be described by scaling factors relating to the radius and length of the new fibre to the previous one. These scaling factors are represented as A and B in the following equations for a fractal nerve.
For length:
For radius:
where A and B are scale constants.
where L is the length of the nerve fibre (m), A cs the nerve cross sectional area, = πr 2 (m 2 ), ρ the resistivity ( m), R the nerve internal resistance ( ). This allows the internal resistance per unit length of the nerve fibre to be written as:
The relationship of the resistance of the next bifurcation of nerve fibre to the previous resistance is 
and so on, where α = AB. α and β are the scaling factors of the fractal transmission line. These equations can be written in the general form as follows:
As a result it is now possible to redraw the nerve fibre as a fractal transmission line, figure 3 . Each of the arrows represents a branch of the nerve fibre and hence the subsequent scaling factors α and β are used to rescale the membrane capacitance and internal resistance at each junction. This model has to be combined with the Hodgkin and Huxely model of membrane conduction to complete the nerve model, figure 4 . As was the case in figure 3, fractal scaling factors are used, this time only one branch is shown, but it should be noted that the membrane capacitance is replaced with the Hodgkin and Huxely membrane model which includes a representation of the membrane capacitance and the ionic currents. Using this complete model of a fractal nerve different shapes and complexities of nerve fibre may be constructed. This may be accomplished by using different fractal scaling factors. Table 1 below contains information on three different cases of nerve construction.
Case 1, figure 5 , could represent the type of nerve structure seen in a motor neuron in the spinal cord. Case 2, figure 6, could represent a Purkinje cell from the human cerebellum. Case 3, figure 7, could represent a Mitral cell from the olfactory bulb of the nose. Figure 8 is an illustration of a type of nerve cell that has non-regular branching and may be constructed by changing the scaling factors for the second branching section. It is for illustrative purposes and shows that the model may be quickly adapted to suit more realistic structures within biological tissue.
Using these fractal-scaling factors the resistance and capacitance values of the nerve fibre may be calculated. From Hodgkin and Huxely [1] , the radius of the nerve fibre was 238 µm and resistivity of the nerve, ρ = 35.4 cm. Taking a small unit length of nerve, l = 0.1 µm = l 0 in figure 2, then the initial R 0 can be calculated using Similarly, the capacitance of the nerve C 0 may be calculated using the following equation, where the membrane capacitance per unit area C m = 1 µF cm −2 : These values may now be scaled accordingly using the fractal scalars A and B from table 1 to create the branched nerve structure. It should be noted that the nerve model in this paper does not take into account the time delay associated with the action potential travelling down a long nerve with an associated nerve propagation velocity.
Neuromuscular junction model
The sequence of events that occur for muscle tissue to contract is summarized in figure 9 . Current knowledge of the biological processes involved include nerve activity, the neuromuscular junction (N-M junction), muscle fibre electrical excitation, excitation-contraction coupling (E-C coupling) and a molecular force generator (MFG). The N-M junction where the nerve ending is attached to the muscle involves chemical transmitters across a gap called a synapse, to activate a muscle membrane depolarization. The E-C coupling is mainly due to the release of calcium into the muscle cell, which then activates the muscle contraction, which is based around the sliding filament theory of Huxely [13] . Although there exists fairly detailed histological representations of muscle, there are very few, if any electrical model representations of muscle. Therefore, this had to be created from the research and observations on muscle behaviour subjected to a stimulus. This led to the development of an electrical model of human skeletal muscle, which would be the type of muscle that would be stimulated artificially, for example, the thigh, lower leg and arm. A skeletal muscle such as that in a thigh is predominately made up of muscle fibres. It is in these fibres that the process of contraction/relaxation takes place. To enable a signal to activate the fibres in a muscle, each muscle fibre is individually connected to the nerve. Figure 10 shows an electron micrograph of a motor neurone innervating muscle fibres (muscle cells). The nerve is seen to clearly branch and connect to individual muscle fibres. The region of the muscle fibre where this connection occurs is called the endplate or motor endplate. The endplate region constitutes one half of a larger region called the N-M junction. This is where two cells are in contact, namely the nerve and the muscle fibre. The N-M junction is a type of synapse. The principal biological structures inside the muscle fibre and under the endplate region responsible for muscle fibre depolarization have to be modelled electrically. To fully appreciate the complexity of the muscle fibre, figure 11 shows a cut-away section of a muscle cell. There are several types of organelle common to animal cells, for example, the cell nucleus, mitochondria, ribosomes and microtubules, however in the muscle cell there are specialist structures called myofibrils which contain two different types of protein strands (actin and myosin) which are arranged in parallel fashion within the cell and run the full length of the cell. For an adult human thigh muscle a muscle fibre cell may be in the order of 30 cm in length. The myofibrils take up a large percentage of the volume of space within the muscle fibre. Other unique features of the muscle cell are the large number of tubes in the cell membrane, which run across the width of the cell perpendicular to the myofibrils. These are called the transverse tubules or T-tubules and are responsible for carrying muscle membrane depolarizations from the motor endplate and sarcolemma (cell membrane) to the myofibrils within the cell to activate muscle contraction. Running parallel with the T-tubules are the terminal cisternae. The terminal cisternae are connected to the sarcoplasmic reticulum, which surrounds each myofibril and is a storage area for calcium ions. The terminal cisternae connect to the T-tubules via voltage gated proteins embedded in the T-tubule wall. The proteins activate the release of calcium ions, which is normally stored in the sarcoplasmic reticulum, into the intracellular fluid surrounding the myofibrils. The presence of calcium ions initiates Figure 10 . Scanning micrograph of a nerve and two endplate regions on adjacent muscle fibres (reproduced from [19] with permission). muscle contraction by causing the actin and myosin filaments to slide over one another by causing structural changes to the biding sites of the protein heads. To release the calcium from the binding site requires cellular energy, for example, in the form of adenosine tri phosphate (ATP). Without energy the protein filaments would stay locked together. Some time later, approximately 20 ms, the calcium is actively pumped back into the sarcoplasmic reticulum to await another nerve impulse and the protein filaments having produced a momentary molecular contraction then relax. As can be seen in figure 10 there are transverse striations which divide the muscle cell into light and dark regions. These occur due to the ordered structure of the protein filaments in the myofibrils within the cell. The dark bands are called the Z-lines, the region between adjacent Z-lines is known as a sarcomere, which is a single unit of contractile proteins. This region is made up of two bands; the A-band, where contraction occurs and the I-band which contains the structural support of the myofibril. For calculation purposes the sarcomere's length when fully extended was used to allow a maximum possible contraction. The release of Ca 2+ ions into the myofibril in the A-band causes the thick filaments to form links with the thin filaments and thus cause the I-band to shrink. The A-band always stays the same length. This is what is meant by saying that contraction occurs in the A-band. From the description of the known biological structures given previously, an electrical model was made of the most important features. These were the fractal nerve, the motor endplate and the region of the muscle fibre immediately underneath the motor endplate. This region was made up of approximately 20 sarcomeres that would normally be electrically stimulated in a wave like fashion due to the time delay of the membrane depolarization of the T-tubules. For model simplicity it was deemed necessary to depolarize the whole region of muscle fibre under the endplate in one go, this is shown in figure 12 .
This means that all the sarcomeres under the endplate region will contract simultaneously which is not true in real life. To transform physical dimensions and biological properties into electrical circuits it was first required to obtain an accurate set of parameters for the lengths and diameters of the main components of the muscle fibre, these are shown in table 2.
From table 2 various additional physical parameters were calculated for use in the electrical model of the motor endplate as shown in table 3 .
The values used in table 3 were calculated in centimetres because the units of the capacitances are given in centimetres from the Hodgkin and Huxely equations. The length of the sarcomere comes from the fact that no cross bridges are assumed to be able to form beyond this length. Therefore, it is suitable to use the largest length of mammalian striated muscle. It was assumed that the myofibrils, including the fluid in them, make up 90% of the volume of the muscle fibre from observing diagrammatic representations of the physiology. The striated appearance of muscle fibre also gives credence to this assumption due to the presence of the almost continuous Z-lines running throughout the myofibrils, figure 10 . Figure 13 shows the arrangement of the filaments in a cross section through the A-band. It can be seen that for every seven thick filaments there are approximately 24 thin filaments. Therefore, the assumption that there are approximately four thin filaments to every thick filament holds. Each sarcomere in the myofibril shares half of a Z-line with the other sarcomere that it is adjacent to. This means that for each sarcomere there is a Z-line so the number of sarcomeres is the same as the number of Z-lines. In this model the sarcomeres directly underneath the endplate region will be activated simultaneously. Counting the number of Z-lines (dark bands) in figure 10 that appear under the lower of the two endplates gives a value of approximately 20 sarcomeres (end to end), under the endplate region. This also gives the endplate's length because the individual sarcomere length is already known. All of the myofibrils will be depolarized by the endplate as they can all be assumed to be continuous in volume and length throughout the muscle fibre diameter. By obtaining the physical dimensions of the structures of interest it is then possible to calculate the electrical equivalence of these structures for transfer into the electrical model. The tables below show electrical parameters that have either been extracted from other works or calculated for use in the electrical model. Thick (myosin) filament length 1.6 × 10
Thick (myosin) filament diameter 11 × 10
Thin (action) filament length 1 × 10
Thin (action) filament diameter 5 × 10
Z-line diameter 0.05 × 10
Number of thick filaments in a 450 sarcomere Number of thin filaments in a 1800 sarcomere Length of a muscle fibre 10 × 10 −2 -30 × 10
Diameter of muscle fibre 0.1-0.5 × 10
Diameter of a myofibril 1 × 10
Length of a myofibril 10 × 10 −2 -30 × 10 −2 parameters for the fractal nerve membrane and muscle fibre membrane, whilst tables 5 and 6 summarize the resistances and capacitances of the various biological components of the muscle fibre under the endplate. A detailed analysis T-tubule and sarcoplasmic reticulum 8.86 × 10
Resistance in the muscle fibre on 1.91 either side of the endplate One myofibril 9.4 × 10
One Z-line 1.6 × 10
−15
Motor endplate 1.15 × 10
T-tubule and sarcoplasmic reticulum 3.72 × 10
−18
Capacitance of the muscle fibre on either 2.355 × 10
side of the endplate deriving the parameter values in tables 5 and 6 is given in the appendix.
Muscle force model
The muscle force model takes the calcium pulse from the sarcoplasmic reticulum, which is provided by the neuromuscular junction model described in section 2.2 and uses it as input for a MFG model. This produces a muscle contraction simulating the way a muscle produces force. The mechanism to transform an electrical signal delivered to the muscle from the brain via a nerve is a chemical reaction that takes place throughout the muscle fibre. The rate at which this reaction occurs and the number of reactions determines the force produced by the muscle and therefore, the velocity and extension of the muscle under various circumstances. The model simulates the most basic increments of force produced by a muscle and uses the summation of these force increments to replicate a muscle twitch. Modelling of this most basic mechanism allows a true simulation of how force is produced by muscle. The MFG is the mechanism responsible for the production of force and displacement in muscle. The force produced by a muscle in its entirety is the summation of all individual increments of force over the duration of a muscle twitch. This model uses skeletal muscle as its basis for the MFG. Huxely [13] proposed that muscle fibres were made of units of contraction called sarcomeres. As described previously, it is the interaction of the actin and myosin protein filaments in the presence of calcium that causes muscle contraction. The interaction sites of the protein filaments is termed the cross bridge. The rate at which the cross bridges are formed and released is a function of the amount of calcium present, the amount of overlap of the fibres and the velocity of the muscle contraction itself. It is the cross bridges that give rise to the molecular force produced in a muscle. This change in extension and force produced by one cross bridge interaction is infinitesimally small, but when one considers that millions of cross bridges are working simultaneously and that each cross bridge is only formed for a fraction of the total period of time for a muscle twitch to take place, then some of the problems with simulating this device of nature become apparent. This is to say that the modelling of the complexity of the entire system by producing an electrical mechanism for every biological function that takes place would require more computational power than is currently available at present. There are approximately 80 000 cross bridge interactions in one sarcomere at any one time. It was decided to simplify the modelling on Pspice by introducing a 10 cross bridge model to represent one sarcomere. This would give a balance between a robust model that the Pspice simulation engine could manage and a flexible system that will clearly illustrate the effects of muscle force the due to variation in the muscle's state such as fatigue and binding site location failure. Extending this model to include two sarcomeres allows superposition to sum the outputs from both which is more true to life. The sarcomeres may be coupled in parallel or series and can be triggered independently with a time delay between triggers. The former situation would represent synchronous force generation as seen in muscle fibres that fire at the same time and the latter would represent a single fibre where the motor unit action potential (MUAP) takes some time to move down the length of the muscle. A representation of the MFG for this paper is shown in figure 14 .
The general muscle characteristics of figure 14 allows the scaling of the molecular force from the sarcomere model to that observed in macro experiments on muscle. Muscle dynamics are a second order system, incorporating spring effects due to the elasticity of the ligaments and tendons and also damping effects due to the inertia of the muscle mass. The effect of inertia is far greater then the spring effects of muscle. Once a single force pulse is produced as output, superposition laws can be used to build up a series of pulses over time. The result will be a pulse of greater amplitude and duration that represents a single muscle fibre action.
In figure 15 , K 1 represents the elasticity of the muscle fibre itself that is the stretch between Z-lines and extension of the protein filaments. K 2 represents the series elasticity due to tendons and F the force produced as a result of the muscle contracting. B represents the damping as a result of the inertia of muscle. This second order system may be represented as an electrical circuit such as that shown in figure 16 . Each sarcomere is activated by a triangular voltage pulse, V ca . The amplitude of the pulse represents the concentration of calcium ions released from the sarcoplasmic reticulum. The resulting force produced is then proportional to this voltage, since only a finite amount of calcium is present, then only a certain fraction of the total number of protein cross bridges will form. The voltage that represented the force produced by a sarcomere as a result of cross bridges forming was V sarc . To model this single increment of force produced by one protein cross bridge forming using the voltage pulse, operational amplifiers (op-amp) are used as triggering devices to send a constant voltage pulse to an inverting summing amplifier. These constant voltage pulses (V s ) are summed to produce V sarc , which is a voltage proportional to V ca . Each op-amp is set to trigger at a voltage level 0.2 V greater that the previous op-amp, so op-amp 1 is triggered at 0.2 V or greater, op-amp 2 is triggered at 0.4 V or greater, for example. V ca is sent to all the op-amps in parallel, which range in trigger voltage from 0.2 to 2.0 V. So if V ca is set to 1.1 V, then op-amps 1 though 5 will be triggered, and each one will send a 10 V (V s ) pulse to the summing amplifier. The summing amplifier allows simple control of the gain of V sarc , which is important in the interfacing to the tuned circuit. The summation of individual pulses is carried out using a summing inverting amplifier with the gain set to one tenth, so that the offset error produced by the op-amps will be reduced as much as possible. The inverting amplifiers were connected to the output of each sarcomere directly, so that as each produces a pulse in turn the triangular wave will be sent to the summing node. This combined waveform (V sum ) was then output to the second order tuned circuit producing the final output force. This maximum force value varies because of the amount of overlap between thick and thin filaments dependent on the possible number of protein cross bridges that can form. The modelling of this limit was achieved by saturating the negative terminals of particular op-amps used to represent a Figure 15 . A second order system to describe muscle dynamic characteristics. cross bridge formation, figure 17. By doing this it ensured that no matter how large V ca was set, the resulting output from any sarcomere (V sarc ) cannot exceed the largest possible value at that extension. Stimulating muscle with individual pulses, of even a brief set of pulses over a period less than 30 ms is not enough to achieve the maximum force of a muscle. There is simply not enough time during the calcium ion transition produced by one action potential for sufficient cross bridge cycles to generate the full force. Firing the motor nerves at higher frequencies elicits further calcium ion transients. This allows the mechanical response to sum and produce a greater, prolonged contraction, termed tetanus. Tetanus in muscle is the effect whereby maximum force at a given extension is achieved by stimulating the muscle periodically, so that the lowest force at any time is greater than zero (the muscle is never allowed rest). Tetanus is either fused or unfused depending on the frequency of stimulation. For striated muscle the threshold frequency for fused tetanus in the giant axon squid examined by Huxley [13] is approximately 30 Hz.
Results and discussion
The neuromuscular junction model
Implementing the Hodgkin Huxely equations and the electrical parameters listed in tables 4-6 in Pspice generated the electrical circuit shown in figure 18 .
The summing junction and Vinput1 and Vinput2 generate the stimulus pulse to depolarize the nerve membrane. The Hodgkin Huxely equations for nerve membrane depolarization are contained in the 'black box' labelled nerve axon. This active network is coupled to the circuit using two resistors of value 0.000 994 5 . This is half of the initial resistance of the nerve fibre R 0 previously calculated in section 2.1 and feeds the pulse generator and the transformer. There is no branching of the nerve for this version of the model and as such the internal resistance of the nerve was halved and placed before and after the membrane depolarization section. This is a slight extension to the cable model shown in figure 3 because there is no nerve branching. The transformer was used to represent the 50 nm gap of the synapse at the motor endplate on the muscle fibre. The transformer had an equal turns ratio of 1 : 1. This simulates the effect of the transformation of the nerve action potential to chemical transmitter and subsequent regeneration of the action potential across the muscle fibre membrane.
The transformer also provides the option of increasing or decreasing the voltage that enters the model of the muscle by changing the turns ratio. The second 'black box' after R10 contains the Hodgkin Huxely equations to recreate the action potential across the muscle fibre membrane. This is because the output of the transformer will be a voltage pulse subject to any passive electronic networks of the T-tubules and as such will be attenuated. The second 'black box' actively regenerates the sarcolemma depolarization using the dimensions of the muscle fibre and so avoids such attenuation at the endplate. The endplate resistor R6 and capacitor C7 were in parallel and separate from the rest of the circuit because the endplate is a special part of the sarcolemma compared to the rest of the muscle fibre. The reason for the parallel nature of its resistance and capacitance was because the sarcolemma of the muscle acted the same way as the membrane of the nerve fibre in terms of an action potential moving across it. The endplate resistance would be the equivalent of the ionic pathway for sodium and potassium actually in the nerve membrane parallel with the sarcolemma of the muscle fibre, i.e. the part of the nerve that forms the synapse. C7 takes into account the fact that the synapse is made up of two parallel cell membranes separated by a 50 nm gap filled with extracellular fluid. The T-tubule and sarcoplasmic reticulum resistance and capacitance, R9 and C8, were in series because when the action potential travels down the T-tubules into the sarcoplasmic reticulum it has to cross the membrane of the T-tubule and then the membrane of the terminal cisternae before progressing into the sarcoplasmic reticulum. These membranes run in parallel with the T-tubules but the myofibrils are seen to be in series with the impulse direction so C8 and R9 (which are the total values of capacitance and resistance of the T-tubule and sarcoplasmic reticulum under the endplate), are in series. Their calculated values are very small which means that their impedance is also very small. This is assumed to be correct to allow for the motor unit action potential to flow freely into and around the muscle fibre. If the T-tubules presented a large impedance then the depolarization may not be able to travel very far and so be an ineffective stimulus to cause the release of calcium ions. The values for R3, R4 and R5 were much greater compared with the values for R7 and R8 which represented the resistance of the muscle fibre which was not under the endplate region. This is because the whole of the muscle fibre is taken into account when calculating R7 and R8 (and C6 and C7) so they are not multiplied by factors such as the number of Z-lines in the muscle fibre. The resistance of the Z-lines was split in half to give a closer resemblance to the structure of the sarcomere. C2 and C3 represent the cumulative capacitance of all the Z-lines under the endplate. C1 and C4 are the Z-lines that are only halfway under the endplate. R5 is the resistance of the fluid under the endplate. This is separate because it has no capacitance as the fluid is not a membrane-like component. This circuit accounts for the results shown in figure 19 . The square wave is the initial stimulus signal given to the nerve which causes the depolarization. For this model, the signal was set at −115 mV. The pulse with diamond markers represents the nerve depolarization presented to the synapse at the motor endplate. The second time delayed pulse with triangle markers is the motor unit action potential depolarization at the sarcolemma that represents the calcium ions being released from the sarcoplasmic reticulum. In a nerve fibre the internal resting potential (Nernst potential) of a human skeletal nerve fibre lies at approximately −90 mV relative to the outside of the fibre. In this model, the resting potential is at earth, however the magnitude of the depolarization is correct, being approximately −90 mV relative to earth. Figure 20 is a reproduction of an action potential recording from the giant squid axon (after Hodgkin and Huxley [23] ). The amplitude of the pulse is approximately 85 mV and has a duration of approximately 1 ms. The resting potential is −45 mV. During activity the voltage across the membrane changes polarity and the inside of the nerve becomes positive. After this depolarization the inside potential becomes more negative than at the beginning (hyperpolarization) before it finally returns again to the resting value. The results shown in figure 19 do not follow the exact form of an expected nerve impulse as there is no hyperpolarization present and the nerve activity duration is longer for the simulation. The nerve impulse in figure 19 goes more negative from its resting potential of 0 V which is in opposition to experiment and is a result of the circuit implementation. Another limitation of the model at present is the lack of inclusion of resting potentials. Nerve pulse duration has been found experimentally to be a function of temperature [23] . The warmer the nerve the faster the nerve depolarization, i.e. the pulse duration decreases with increasing temperature. At the core body temperature of 37˚C it is not unreasonable to have pulse durations in nerves of several ms and the simulated action potential duration is in the order of a few ms. However, no temperature dependency has been included in this model. There are therefore several factors which may account for discrepancies between the simulation and experimental data which means that further work is required to refine the model.
It should also be noted that although a cable model of the nerve has been introduced in this paper, the actual length of nerve used was small (0.1 µm) for the sole reason of activating the motor endplate. A more advanced nerve implementation including a myelin sheath would be required to show how a nerve impulse may travel along a longer length of nerve without significant attenuation. One of the limitations of the passive cable network which includes time dependent membrane properties as implemented in this model, is that the starting stimulus to effect a nerve depolarization at the entrance to the cable network will be rapidly attenuated as it will see all of the nerve at once. Some means of separating the sections of nerve into unit blocks with an associated time delay would allow spatial isolation and hence the nerve action potential could be passed from one section to the next without significant distortion.
The muscle force model
Although this version of the model is open loop, it still reveals some of the main functionality of a muscle contraction. Several results are presented showing outputs from a single sarcomere, a complete open loop system, the extension attenuation control circuit and the tetanus simulation circuit. Figure 21 shows the Pspice implementation of a single sarcomere circuit with an output V sarc as a function of the input calcium pulse V ca . In this model there are 10 op-amps representing 10 cross bridges within the sarcomere. The individual outputs from these are fed to the summer amplifier. It should be noted that in Pspice 'bubbles' can be used as labels to connect common nodes of the circuit together without drawing wires which makes for a less cluttered circuit. Figure 22 shows how the output, V sarc , from the sarcomere rises in finite voltage steps due to a linear increase in input voltage and thus the effects of the op-amps being trigged at specified voltage values (V trig ). In this case the amplitude of V ca is 1.1 V, and thus 5 of the 10 op-amps are being triggered and summing to 4.7 V. Figure 23 shows the schematic of a two sarcomere circuit with a tuned RLC muscle characteristic circuit in series at the output. The coaxial transmission line between the two sarcomere circuits is to induce a time delay into a stimulation to represent the time an electrical pulse takes to pass down the sarcolemma from one sarcomere of a muscle fibre to another and so producing a time delayed calcium ion release for the second sarcomere. Figure 24 shows how the pulse shaping effect of the tuned RLC muscle characteristics makes a realistic muscle force even for the summed two sarcomere model. There is a small time delay of 1 ms between the firing of the first and second sarcomere so their outputs sum to produce a larger muscle force. Adding a muscle extension control circuit to this model allows sarcomeres that have reached full contraction (maximum percentage of filament overlap), or indeed may have fatigued, to have their outputs clamped, so limiting the maximum force they may produce. This is shown in figure 25 .
In this case five of the negative terminals of the op-amps are supplied with a 2.5 V source (V satu ) for all time after 60 ms. Two identical V ca pulses are used to trigger the circuit at 10 and 70 ms. The model may be stimulated using periodic stimulation to form tetanus within the sarcomeres. Unfused tetanus was achieved by using two V ca input voltage sources alternately triggered to produce a stimulation pulse chain of 30 Hz, figure 26. Fused Tetanus may be observed in muscle at higher stimulation frequencies. Figure 27 illustrates this by stimulating at 50 Hz. As the sarcomeres are stimulated at faster rates the output force does not have time to decay to zero and force is sustained into a contraction. At 50 Hz the magnitude of the force is higher than at lower frequencies and the variance in the force is also reduced which is close to the observed response of real muscle.
Conclusions
The electrical analogy of the model of nerve and muscle and particularly the nerve-muscle junction/interface has been investigated using an electrical circuit simulation program called Pspice. Other models developed in this project but not presented here include modelling un-branched multiple nerves innovating many muscle fibres and modelling a branched nerve feeding into multiple muscle fibres. The electrical equivalent of the histology of the muscle fibre, specifically under and including the endplate region has also been investigated and modelled. This will open up numerous possibilities for future modelling of the muscle fibre and its reactions to various nerve stimuli, such as artificial nerve stimulation to effect muscle contraction in patients with multiple sclerosis, stroke or peripheral nerve injury. The advantages of using an electrical analogy for biological process modelling is clear in quickly establishing a physical model representing key features of biological tissue function and structure. By using Pspice, the electrical models can be implemented in near real time without complicated programming experience. Small sections of biological tissue may be modelled in fine detail on Pspice and then scaled by the simple action of cut and paste, the only overhead for duplication of biological structure (e.g. multiple nerves and muscle fibres), is the time overhead for Pspice to manage the extra computations. The examples of the model presented here are based around known biological effects and measurements published in the literature. It has the advantage as a physical model that small or gross changes to parts of the circuit of known causes of medical problems may prove to be useful in simulating the effects of particular diseases on different parts of the neuromuscular system. In terms of scale, the model is totally scalable. The ideas presented here, although relatively simple in implementation when repeated into structures containing many hundreds or even thousands of circuits may prove to have functional complexity similar to real life situations. It is at this point that the limitations of the computer and operating system become the limiting factor as in many other discrete computation simulations. However, Pspice has the advantage, similar to analogue computers, that a numerically stable result will always be found if one is careful to set the time steps prior to execution. There are considerable areas where this model can be improved. The nerve fibre itself needs additional development to make it more realistic. Myelin sheaths may be added and the cable model extended to produce a nerve that has real length rather than unit length and then simulations changing action potential velocity may be conducted by changing the membrane properties of the nerve. Adding more sarcomere units would make an obvious addition to the muscle model. Feedback is also required in the muscle model to take into account the lengthvelocity-force relationship of skeletal muscle and the effects of metabolic fatigue within the muscle. Different types of muscle may be simulated as well, such as cardiac or smooth muscle in that the mechanism for calcium release is different. It may even be possible to simulate the effects of drugs on the membrane dynamics of the cells involved. In the near future it is anticipated to add a skin model to allow external electrical pulse injection allowing simulations to observe the activation response of the nerve fibre.
This model has incorporated known mathematical representations of nerve electrical response as recorded by experiment and published in the literature. However, it also contains many assumptions as to the electrical representation of the biological tissue of skeletal muscle. The T-tubule and sarcoplasmic reticulum have been simplified into simple passive electrical components to see whether it is possible to carry information from the nerve to the muscle myofibrils. This is the main reason for this simplification. The spatial level at which to define the model depends on the careful construction of the scale of the model. There is no reason why a more detailed model could not be used for the sarcoplasmic reticulum that could include membrane properties specific to this structure. The simulation of the calcium release and subsequent re-absorption could be more closely examined once a more detailed understanding of the biological structure is translated into electrical circuits. If an electrochemical process has been examined experimentally and mathematical rate equations have been devised to approximate the responses and are published, then these equations may be implemented directly in Pspice to provide a means of simulation.
Pspice may be obtained on CD ROM for PC and other computer platforms from www.cadence.com.
The electrical calculations for the muscle fibre components
The four equations that were used to create the model of the muscle were
where C is the capacitance (F), A the surface area (cm 2 ) and εoεr/L the permittivity per unit length constant; where R is the resistance ( ), L the length (cm), A the area (cm 2 ) and ρ the resistivity;
Circumference of a circle = 2πr Area of a circle = πr 2 Using these equations and the dimensional data for the structures in the muscle tissue given in tables 2 and 3 it is possible to generate the necessary electrical parameters required for the electrical model and these are shown in the following text.
Resistance of muscle fibre
The resistance of the fluid in the whole of the muscle is the same as the resistance of the muscle fibre because the muscle fibre is virtually all fluid. The area of the endplate is assumed to be 20% of the surface area of the muscle fibre that the endplate has an effect on. As this is an instantaneous reaction all the myofibrils are affected under it as though the endplate region was 100% of the area corresponding to its length. In figure 11 the sarcoplasmic reticulum and the T-tubules are depicted as being a non-uniform mass that encircles the myofibril. The surface area of the sarcoplasmic reticulum and T-tubules can be assumed to be approximately 40% of the surface area of the myofibrils. This means that it will cover 40% of the surface area of each sarcomere.
Surface area of T-tubules and sarcoplasmic reticulum over one sarcomere = 2 × π × diameter of a muscle fibril × length of a sarcomere × % of S.R. system and T.T-tubules that wrap round the myofibril
To calculate the resistance and capacitances of this tubular system, the construction of it had to be realized. A possible circuit representation of this system for a single sarcomere is shown in figure 28 . This is an electrical representation of the T-tubule and sarcoplasmic reticulum structure in a sarcomere. For parallel sarcomeres, the capacitances will also be in parallel. This means that the capacitances will be parallel throughout the myofibril. However the myofibrils are in series from the point of view of the impulse travelling from the endplate, moving down through the T-tubules and crossing to the other side of the muscle fibre. The opposite side of the muscle fibre to the endplate can be treated as a ground with respect to the direction of the signal. The resistance of the T-tubules and sarcoplasmic reticulum is represented as the intra-cellular fluid in the sarcoplasmic reticulum and the extracellular fluid in the T-tubules. These two fluids have different ionic concentrations but have been assumed to have a uniform, combined impedance to aid calculation. 
To calculate the resistance of T-tubules and sarcoplasmic reticulum
To calculate the capacitance of T-tubules and sarcoplasmic reticulum
The capacitance of the T-tubules and sarcoplasmic reticulum is split up into A-and I-bands. Consequently, two different sized regions of the sarcoplasmic reticulum surround a sarcomere, so they have to be calculated differently. These capacitance values are relative in magnitude to the area that the organelles cover. The resistance and capacitances on either side of the endplate region remain the same because they were calculated using the whole of the muscle fibre. Length of muscle fibre on either side of the endplate region = (Total length of muscle fibre − length of muscle fibre under the endplate) ÷ 2 The area of the muscle fibre on either side of the endplate region is calculated in the same way as the length of muscle fibre on either side of the endplate region. The sarcolemma is the membrane of the muscle fibre and its resistance is the resistivity value of muscle taken from the dielectric properties of rabbit tissue, Steel and Sheppard [14] .
To calculate the resistance and capacitance of Z-lines in the endplate region
The number of Z-lines under the endplate = no. of sarcomeres under the endplate = 20 × 225 000 = 4 500 000
Resistance of Z-line = resistance of one Z-line × 4.5 × 10 The capacitance of the Z membranes on either side of the muscle fibre under the endplate region was the same as one complete Z-line, because half a Z-line was on either side of the region. Therefore they are calculated in exactly the same way as those under the endplate except there are only 225 000 of them corresponding to the number of myofibrils in the muscle fibre so their capacitance is 0.883 572 9 nF.
